Introduction
============

ECM is secreted by resident cells of tissue, it provides mechanical support for cells^,^ growth and affects cell adhesion, proliferation, differentiation, morphology and gene expression [@B1]. ECM is a potent regulator of cell function and differentiation, and provides a supportive scaffold and microenvironment for mammalian cells*in vitro*and *in vivo*[@B2], [@B3]. Therefore, from the view of biomimetics, ECM is the most suitable scaffold for cell/tissue culture.

The ECM produced by cardiac fibroblasts is the major component of cardiac tissue [@B4], [@B5]. Cardiac fibroblasts are constantly subjected to mechanical stretch in vivo, and responsive to mechanical stimuli, they synthesize and degrade the ECM which provides a 3D network for cardiomyocytes and other cells of the heart to ensure proper cardiac form and function [@B5]. Therefore, the investigation of mechanical stimuli influencing formation and bioactivity of ECM, especially produced in vitro, presents a particularly promising line of research in the field of cardiac cell/tissue engineering.

Cardiac fibroblast is mechano-responsive, it can transform mechanical stimuli into biochemical signals. Mechanical stretch increased mRNA levels of collagen type III and collagen type I of cardiac fibroblasts [@B6], [@B7], also increased mRNA levels of matrix metalloproteinase-2 and tissue inhibitor of matrix metalloproteinase-2 [@B8]. In these studies, the mRNAs of collagen and other ECM-related genes did not directly represent actual protein levels of ECM. In fact, the effect of mechanical stimuli on ECM formation in vitro is not fully understood.

In recent years, there has been considerable investigation of the bioactivity of cardiac fibroblast-derived ECM (CF-ECM) which was coated on cell culture dishes *in vitro*. The CF-ECM was shown to support early maturation of embryonic stem cell-derived cardiomyocytes, in terms of chronotropic characteristics and subcellular structural development [@B9]. In addition, CF-ECM increased proliferation, improved tolerance to oxidative stress and adhesion potential of bone marrow-derived stem cells [@B10]. Furthermore, the proliferative activity of MC3T3-E1 cells cultured on CF-ECM was higher than that on osteoblast-derived ECM [@B11]. These studies are likely to contribute to ECM-modified scaffold for cell/tissue engineering. However, the effect of mechanical strain on bioactivity of CF-ECM remains unexplored.

In this study, we stimulated rat cardiac fibroblasts cultured on silicone elastic membranes with mechanical cyclic stretch, prepared the ECM-coated membranes, then detected collagen, fibronectin and GAG in the ECMs, assessed metabolic activity of neonatal rat ventricular cells which were seeded on the ECM-coated membranes. The control groups consisted of membranes coated with ECM produced by unstretched cardiac fibroblasts or uncoated membranes. Thus, the in vitro effects of mechanical stretch on formation and bioactivity of CF-ECM were investigated.

Materials and methods
=====================

Preparation of cardiac fibroblast-derived ECM-coated cell culture dishes
------------------------------------------------------------------------

Cardiac fibroblasts from the ventricles of 3-day old Wistar rats \[isolated and cultured by our lab [@B12]\] were cultured on silicone elastic membranes (Specialty Manufacturing, Saginaw, MI, USA) in complete alpha minimal essential medium (α-MEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. At confluence, the cells on the membranes were cultured in complete α-MEM supplied with 280 μmol/L ascorbic acid, subjected to cyclic stretch of 4% or 8% at 1.0 Hz, 1 h per/day for indicated times. The mechanical stretch was generated by a custom-made cell stretch apparatus described previously [@B13]. The device was driven by a stepping motor (controlled by a single chip microcomputer), it uniformly stretched silicone elastic membranes, resulting in homogeneous equibiaxial strains applied to the cultured cells on the membranes.

The cells were eliminated according to our established method [@B12], [@B14]. After washing with PBS, the cells were removed by incubation for 3 min with PBS containing 0.5% Triton X-100 and 10 mM NH~4~OH at room temperature then rinsed three times with PBS. The ECMs attached to the elastic membranes were treated with 100 units/ml DNase (Sigma-Aldrich, St. Louis, MO, USA) for 1 h and the resulting ECMs were washed with PBS, observed by inverted microscopy (Figure [1](#F1){ref-type="fig"}), then stored at 4°C for further use. Unstretched cultures (control group) were maintained under identical culture conditions without mechanical loading.

Assay of ECM
------------

A. Measure hydroxyproline content. The ECMs which coated on the menbranes were hydrolyzed and the hydroxyproline content were detected with the Chloramine-T Hydroxyproline Assay Kit containing hydrolysis buffer (Nanjing Jiancheng Biotechnology Institute Co., Ltd., Nanjing, China.) according to the manufacturer\'s protocol.

B. GAG analysis. According to the manufacturer\'s protocol, the ECMs were treated with lysis buffer and GAG levels were measured with Dimethyl-methylene Blue GAG Assay Kit (Xianmen Maiwei Biotechnology Co., Ltd., Xiamen, China.). The absorbance or optical density (OD) at 660 nm was regarded as relative level of GAG in the ECMs. Results were expressed as relative to control group (the ECM of unstretched cells seeded on membranes).

C. Van Gieson Staining. Some of the ECMs on the menbranes were fixed with 3% paraformaldehyde. According to the supplier\'s protocol, the ECMs were stained with Van Gieson Histochemical Staining Kit (Nanjing Jiancheng Biotechnology Co. Ltd, China, containing hematoxylin solution) to dye the collagen fibers red, and nuclei blue.

Isolating of Neonatal ventricular cells
---------------------------------------

The ventricular cells were isolated according to our previous method [@B15]. The ventricles of rat hearts were minced, rinsed with PBS consisting of 1% penicillin streptomycin (Invitrogen), and treated with four times of 6-minute digestion in 0.25% trypsin solution (Invitrogen) and one time 20-minute digestion in 0.1% collagenase type I (Invitrogen) solution at 37 °C on a shaker (140 r/min). All supernatants except the first digestate were centrifuged at 1,000 r/min for 5 minutes, and the red cells were removed by Red blood Cell Lysis Buffer (Beijing Apply Gene Technology Co.. Ltd., Beijing, China). The resulting pellet was resuspended in high-glucose Dulbecco\'s modified minimal essential medium (Invitrogen) containing 10% fetal bovine serum and 1% penicillin-streptomycin.

MTT assay
---------

Ventricular cells at a density 2.5×10^5^ /cm^2^were seeded on ECM-coated membranes, the cells were treated with 0.1 mmol/L 5-Bromo-2\'-deoxyuridine (BrdU, Sigma, inhibit proliferation of cells). One, 3 or 5 days later, MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) solution (Promega, 1mg/mL) was used to assay living cells according to the manufacturer\'s protocol. In this assay, MTT is reduced to formazan by intracellular NAD (P) H-oxidoreductase. The formazan product can be detected using an enzyme-linked immunosorbent assay reader at 490 nm. The absorbance or OD at 490 nm was regarded as an index of the relative number of viable adherent cells and relative activity of cell growth [@B16].

Assay of lactate dehydrogenase (LDH)
------------------------------------

After the ventricular cells were incubated with LDH leakage buffer and centrifuged for 5 minute, the activity of LDH in leakage buffer was measured spectrophotometrically at 490 nm with LDH Assay Kit (Nanjing Jiancheng Biotechnology Institute Co., Ltd.), according to the manufacturer\'s protocol. In this assay, LDH catalyzed the reduction of NAD to NADH, then INT (2-p-iodophenyl-3-nitrophenyl tetrazolium chloride) was reduced to red formazan by diaphorase. The absorbance or OD at 490 nm was regarded as relative content of LDH leakage. Results were expressed as relative to control group (the cells on membranes without ECM coating).

ATPase activity assays
----------------------

After trypsinization of 0.2% trypsin and centrifugation, the cells were lysed by brief sonication on ice in a lysis buffer (10 mmol/L HEPES, 250 mmol/L sucrose, 5 mmol/L Tris-HCl, 1 mmol/L EDTA, 0.01% TritonX-100, pH 7.5). According to the protocol provided by the manufacturer, the protein concentration of the cell lysates were measured with the BCA protein assay kit (Beijing Applygen Genetechnology Inc, Beijing, China). The Na^+^/K^+^-ATPase and SERCA (Ca^2+^-ATPase) activity of the cell lysates was assayed respectively with ATPase activity assay kits (Nanjing Jiancheng Biotechnology Co. Ltd, China) according to the supplier\'s protocol. The ATPase activity was showed as the inorganic phosphorous (Pi) production from the decomposition per mg protein per hour (μmolPi/mg∙h).

Measure of glucose consumption ratio and lactic acid production ratio
---------------------------------------------------------------------

After one days of incubation with renewed culture medium, the glucose and lactic acid contents in the culture medium were measured with Glucose assay kit and Lactic acid assay kit (Nanjing Jiancheng Biotechnology Co. Ltd, Nanjing, China), according to the supplier\'s protocols. The glucose consumption ratio was the amount of glucose consumed (decrease of glucose content) by 10^6^ cells in one day (μmol/million cells/day). The lactic acid production ratio was the amount of lactic acid produced (increase of lactic acid) by 10^6^ cells in one day (μmol/million cells/day).

Western blot analysis
---------------------

Total cell lysates were prepared in RIPA lysis buffer containing protease inhibitors. Protein concentration was determined according to Brandford\'s method. Each aliquot of 10 μg protein was subjected to electrophoresis on a polyacrylamide gel containing 0.1% SDS (SDS-PAGE) and electro-transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). After blocking with 5% skim milk, the membranes were incubated overnight respectively with the mouse anti-collagen I \[Abcam(HK) Ltd.\], rabbit anti-fibronectin (Wuhan Boster Biotechnology Co.Ltd., Wuhan, China) and rabbit anti-SERCA2a (Wuhan Boster) then incubated with horseradish peroxidase-conjugated secondary antibody. The immunoreactive bands were visualized using an enhanced chemiluminescence detection kit (Wuhan Boster). Optical density of the protein bands was determined with Gel Doc 2000 (Bio-Rad, CA, USA). The expression of glyceraldehyde3-phosphatedehydrogenase (GAPDH) of the cells was used as a loading control, data were normalized against those of corresponding GAPDH.

Statistical analysis
--------------------

The data are presented as mean ± standard deviation, and analyzed by SPSS 13.0 software (Chicago, IL, USA) using one-way ANOVA. A value of P \< 0.05 was considered statistically significant.

Results
=======

Mechanical stretch increased collagen, GAG content in CF-ECM and elevated fibronectin and collagen I protein levels of cardiac fibroblast
-----------------------------------------------------------------------------------------------------------------------------------------

After subjecting cardiac fibroblasts to a mechanical stretch of 4% or 8% at 1Hz, 1h/day, the hydroxyproline and GAG content of the ECM which were produced by the mechanically stretched cells and attached to membranes, were both increased, compared with those of ECM produced by unstretched cells (control group) (Fig. [2](#F2){ref-type="fig"} A, B). In addition, along with the duration of culturing, the hydroxyproline were both significantly increased for 9 days (Fig. [2](#F2){ref-type="fig"}A). Resulting hydroxyproline measurements were converted to collagen contents following a 1: 10 (hydroxyproline: collagen) ratio [@B17]. So the change of hydroxyproline equated to the change of collagen content.

The results of Van Gieson straining confirmed that mechanical stretch increased collagen level of ECM (Fig. [2](#F2){ref-type="fig"}C). In addition, Western blot assay indicated that mechanical stretch elevated fibronectin protein and collagen I protein levels of cardiac fibroblast (Fig. [2](#F2){ref-type="fig"}D).

The ECM, produced by mechanically stretched cells, enhanced viability and LDH activity of ventricular cells seeded on it
------------------------------------------------------------------------------------------------------------------------

The MTT assay was used to evaluate the viability of the cultured cardiac cells [@B17]. After the ventricular cells were seeded on the membranes coated with the ECM of the cells which were stimulated with mechanical stretch for 7 days, the OD values of MTT assay were all higher than the cells re-seeded on the ECM produced by the unstetched cells (unstretch group) or the group without ECM coating (Fig. [3](#F3){ref-type="fig"}A). Additionally, the LDH activity were all higher than the ECM of unstretched cells or the group without ECM (Fig. [3](#F3){ref-type="fig"}B). LDH is a soluble enzyme and localized in the cytoplasm, it is used as a quantitative marker enzyme for the intact cell, its activity providing information on viability or cellular glycolytic capacity [@B18]. Therefore, these results indicated that the ECM of the mechanically stretched cells enhanced viability or glycolytic capacity.

The ECM of mechanically stretched cells enhanced ATPase activity, glucose consumption and lactic acid production ratios, and elevated SERCA 2a level
----------------------------------------------------------------------------------------------------------------------------------------------------

After culturing for 1, 3 and 5 days on the ECM of mechanically stretched cardiac fibroblasts, the ATPase (Na^+^/K^+^-ATPase and SERCA, important index of cardiac cell function and metabolism) activities were all higher than that of unstretched cells (Fig. [4](#F4){ref-type="fig"}A). Glucose consumption ratio and lactic acid production ratio (important indices of cell metabolism) were also higher (Fig. [4](#F4){ref-type="fig"}B). After 3 days of culturing, the protein levels of SERCA2a was increased (Fig. [4](#F4){ref-type="fig"}C). These results confirmed that the ECM of the mechanically stretched cells enhanced metabolic activity.

The ECM which was treated with heparinase, lowered ATPase activity, LDH activity, glucose consumption and lactic acid production ratios of ventricular cells
------------------------------------------------------------------------------------------------------------------------------------------------------------

After the ECMs were treated with heparinase II, the GAG levels of the ECM were reduced (Fig. [2](#F2){ref-type="fig"}B). The ATPase activity, LDH activity, glucose consumption and lactic acid production ratios of ventricular cells seeded on them were all decreased evidently (Fig. [5](#F5){ref-type="fig"}A-C). Moreover, the protein level of SERCA2a was reduced (Fig. [5](#F5){ref-type="fig"}D). Heparinase II is a broad substrate-specificity GAG-lyase, it can decompose GAG. Heparinase II treatment reduced GAG level of ECMs (Fig. [2](#F2){ref-type="fig"}B). Notablely, after heparinase II treatment, the metabolism-related indices of the ventricular cells on ECM of stretched cells were nearly as same as the indices of the ventricular cells on ECM of unstretched cells (Fig. [5](#F5){ref-type="fig"}A-D).

Discussion
==========

ECM provides essential physical scaffold for cells, directs cells behavior including proliferation, growth, changes in shape, migration and differentiation [@B19]. In the heart, the ECM network provides support for myocardial cell contraction and is responsible for the distribution of mechanical forces and signal transduction to individual cells via cell surface ECM receptor [@B20]. So ECM of cardiac tissue is a very suitable scaffold material for cell/tissue engineering of cardiac tissue.

In this study, after removing of cells, we found that the ECM of mechanically stretched cardiac fibroblasts attached on menbranes, contained more collagen and GAG than those of unstretched cells. Collagen and GAG are the main components of ECM [@B1], [@B21], so we consider that the mechanical stretch (4% or 8%, 1 Hz) promoted formation of CF-ECM. Furthermore, Western blot result of fibronectin and collagen I confirmed that mechanical stretch promoted the ECM formation.

MTT assay was used to evaluate the viability and metabolic activity of the cultured cardiac cells [@B17]. LDH is an important oxidoreductase in cytoplasm; it plays an important role in the intracellular energy transport of cardiomyocytes [@B22]. Assay of LDH activity is also used to evaluate the metabolic activity of cultured ventricular cells. In our study, the proliferation of cells in the cultures was inhibited with bromodeoxyuridine. CF-ECM of mechanically stretched cells enhanced viability and LDH activity of ventricular cells, which meant the CF-ECM of mechanically stretched cells, was more supportive for ventricular cells growth than that of unstretched cells.

Na^+^/K^+^-ATPase, is a ubiquitous transmembrane enzyme which transports Na^+^ and K^+^ across the plasma membrane [@B22]-[@B24]. The α subunit of Na^+^/K^+^-ATPase couples the hydrolysis of ATP to the counter transport of 3Na^+^ and 2K^+^ ions across the plasma membrane [@B25], the ATPase controls cell volume and regulates cardiac contraction [@B26], so the activity of the Na^+^/K^+^-ATPase is an important index of cardiac cell metabolism and function. SERCA, a Ca^2+^ ATP-dependent pump and key enzyme in the regulation of cytosolic Ca^2+^, critically determines the rate of cardiac muscle relaxation [@B27]. SERCA is mainly represented by the SERCA2a isoform in the heart, it regulates the Ca^2+^ loading of the sarco(endo)plasmic reticulum and therefore the Ca^2+^ released and cardiac muscle contractility [@B27]-[@B28]. Therefore, the activity of SERCA and the protein level of SERCA2a are determinant marks of cell function and metabolic activity, especially cardiac cell.

The results of the ATPase assays implied that CF-ECM of stretched cells elevated ventricular cells function and metabolism. The assays for glucose consumption and lactic acid production ratios indicated that the in vitro cultured ventricular cells consumed more glucose and produced more lactic acid. In this study, glucose was the main source of energy of ventricular cells cultured in vitro. Additionally, the CF-ECM of stretched cells elevated SERCA2a protein level. Therefore, the results further confirmed that the CF-ECM of stretched cells supported ventricular cell growth *in vitro*.

In this study, the in vitro cultured ventricular cells were composed of cardiomyocytes, fibroblasts, vascular endothelial cells, smooth muscle cells and other cell types [@B15], [@B29], which is consistent with normal cardiac tissue. Therefore, the evaluation of metabolism and function of cultured ventricular cells should correspond to that of intact cardiac tissue. These results indicated that CF-ECM of stretched cells supported ventricular cells^,^ growth and promoted cellular metabolic activity *in vitro*, which meant the ECM of stretched cardiac fibroblasts was more supportive for in vitro culture of ventricular cells than that of unstretched cells. It is likely to contribute to ECM-modified biomaterial scaffold for cell/tissue engineering of heart.

ECM is a reservoir of growth factors and cytokines, such as bone morphogenetic protein, fibroblast growth factor, vascular endothelial growth factor, and these key molecules bind to either polysaccharide or protein constituents of ECM [@B30]-[@B32]. These bioactive molecules binding to ECM regulate cell function and behavior, which suggests that ECMs produced in vitro display bioactivities, such as proliferative effect and inductive potential. In this study, mechanical stretch increased contents of collagen, fibronectin and GAG, so promoted ECM formation, this provided more space for bioactive proteins/peptides binding. Therefore, mechanical stretch influenced bioactivity of ECM.

GAGs are main components of ECM, they are linear heteropolysaccharides, characterized by different disaccharide unit repeats [@B33], [@B34]. Heparin is one of the common structural elements of GAGs, heparinase II possesses the ability to cleave both heparin and heparan sulfate-like regions of GAG [@B35], it is a broad substrate-specificity GAG-lyase. In this study, treatment with heparinase II reduced GAG level greatly, which meant the GAG was decomposed or degraded and departed from the ECM. Furthermore, the treatment lowered metabolism-related indices (ATPase, glucose consumption ratio, lactic acid production ratio and SERCA2a protein level) of the ventricular cells seeded on the ECM, which indicated the GAG was involved in regulating metabolism of the cells cultured on the ECM.

More interestingly, in this study, after heparinase treatment, the effects of the two ECMs (produced by stretched cells and by unstretched cells) on metabolic activity or metabolism-related indices were nearly the same; the result indicated that the treatment of heparinase eliminated almost all of the GAG components which promoted metabolic activity. So it is worthwhile to investigate the influence of GAG on cells metabolic activity more detailed and deeply.

Conclusion
==========

Mechanical stretch of 4% or 8% promotes ECM formation of cardiac fibroblasts in vitro, the ECM of mechanically stretched cardiac fibroblasts improves viability and metabolic activity of ventricular cells cultured in vitro. The GAG component of the ECMs is involved in regulating metabolic activity of ventricular cells. This was one of the first studies demonstrating that mechanical stretch promoted formation and improved bioactivity of cardiac fibroblasts^,^ ECM produced in vitro.
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![Preparation of cardiac fibroblast ECM which was coated on dishes.](ijmsv10p1837g001){#F1}

![Hydroxyproline (Hyp) and GAG assay, Van Gieson straining of the ECM coated on dishes, and Western blot of fibronectin and collagen I. (A) The mechanical stretch (4% or 8%) increased the contents of hydroxyproline at the indicated times; (B) the mechanical stimulus for 7 days or 9 days enhanced GAG levels of the ECM, and treatment with hyaluronidase II reduced GAG levels remarkably; (C) Van Gieson straining showed more collagen fibers (which were stained red) in stretched group; (D) Western blot result indicated that mechanical stretch elevated protein levels of fibronectin and collagen I. Quantitative results are the means ± standard error of 6 experiments, \*P \< 0.05, \*\* P \< 0.01, between indicated groups.](ijmsv10p1837g002){#F2}

![MTT assay and LDH activity assay of ventricular cells seeded on control (no ECM), ECM of unstretched cells (unstretch) coated on dishes, ECM of stretched cells (stretch of 8% for 7 days) on dishes. After culture for 1, 3 and 5 days, ECM of stretched cells elevated the OD value of the cells **(A)**; and improved LDH activity in cells **(B)**. \*P\<0.05, \*\* P\<0.01, between indicated groups, n=6.](ijmsv10p1837g003){#F3}

![Assay of ATPase activity, glucose consumption and lactic acid production ratios of ventricular cells seeded on different ECMs, and Western blot of SERCA2a. After culture for 1, 3 and 5 days, the ECM of stretched cells increased the activities of Na^+^/K^+^-ATPase and SERCA (A); and the ECM of stretched cells enhanced the glucose consumption and lactic acid production ratios of ventricular cells (B). After 3 days of culture, the mechanical stretch increased protein level of SERCA2a (C). \*P\<0.05, \*\* P\<0.01, between indicated groups, n=7.](ijmsv10p1837g004){#F4}

![After the ECMs were treated with heparinase II \[hepa, (Sigma, USA), 50mU/mL, 37 ℃, 8 h) and PBS washing, the ventricular cells were seeded on the ECM, then the metabolic activity of the cells was assayed after 3 days of growth. The treatment of hepa reduced activities of Na^+^/K^+^-ATPase and SERCA **(A)**, decreased the glucose consumption and lactic acid production ratios **(B),**lowered LDH activity and SERCA2a protein levels **(C, D**). \*P\<0.05, \*\* P\<0.01, between indicated groups, n=7.](ijmsv10p1837g005){#F5}
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